A lcohol dependence is a common complex disorder that affects millions of people worldwide and causes considerable burden in terms of personal, interpersonal, and societal costs (1) . Results from the National Comorbidity Study indicate that over 14% of adults in the United States have a lifetime history of alcohol dependence, making it one of the most prevalent adult psychiatric disorders (2) . Family, twin, and adoption studies have convincingly demonstrated that genes play an important role in the development of alcohol dependence, with heritability estimates in the range of 50%-60% for both men and women (3, 4) . Efforts are now underway to identify specific genes involved in the development of the disorder.
The Collaborative Study on the Genetics of Alcoholism (COGA) is a multi-site collaboration aimed at identifying genes contributing to alcohol dependence. COGA ascertained families densely affected with alcohol dependence from treatment centers at multiple sites across the United States. Initially, an approximately 10-cM genome-wide microsatellite survey was conducted, and linkage analyses were performed to detect chromosomal regions likely to harbor genes contributing to a variety of phenotypes related to alcohol dependence (5) (6) (7) . In those regions with evidence of linkage, more extensive genotyping was performed, and association analyses were employed to identify specific genes involved in the predisposition to alcohol dependence and related phenotypes. COGA has also made use of electrophysiological endophenotypes (8 -10) , as a complement to clinical diagnoses in genetic analyses.
One region that has consistently emerged with significant evidence of linkage in the COGA project is chromosome 7q. In the initial COGA sample of 105 pedigrees, chromosome 7 provided the strongest evidence of linkage to alcohol dependence (11) . With the alcohol dependence criterion of meeting DSM-III-R alcohol dependence and Feighner definite alcoholism, the maximum multipoint LOD score on chromosome 7 was 3.49 near the marker D7S1793. An independent sample consisting of an additional 157 extended families also showed modest, consistent evidence of linkage to chromosome 7, with a LOD score of 1.3 (7) . Additional microsatellite markers were genotyped on chromosome 7, and linkage analyses employing the full sample of 262 extended pedigrees yielded a peak LOD score of 2.9 at D7S1799 (12) . Further genotyping was conducted as part of the Genetic Analysis Workshop 14 (GAW14) on a densely affected subset of the sample (n ϭ 143 pedigrees) with both the Affymetrix 10K Mapping SNPs and the Illumina Linkage Panel III (13) . The LOD score at the peak increased to 4.1 with a reduced set of single nucleotide polymorphisms (SNPs) not in linkage disequilibrium (LD) with adjacent markers (14) . In addition to the linkage observed in the COGA sample, linkage has been observed to this region of chromosome 7q in an Australian sample with P3 amplitude (15), a phenotype thought to index genetic vulnerability to alcohol dependence (9) . In addition, there has been a recent report of linkage to this region with alcohol consumption phenotypes in the Nicotine Addiction Genetics project (16) . Modest evidence of linkage to this region was also reported for an alcoholism phenotype with age and gender as covariates in an independent sample of multiplex families ascertained at Pittsburgh (17) . Here, we report results from a systematic screen of SNPs across the chromosome 7 alcohol dependence linkage peak in the COGA sample in an effort to identify the gene(s) contributing to the observed linkage peak.
Methods and Materials

Sample
COGA is a multi-site project, in which families were collected by six centers across the United States: Indiana University, State University of New York Health Science Center, University of Connecticut, University of Iowa, University of California/San Diego, and Washington University at St. Louis. Probands identified through inpatient or outpatient alcohol treatment programs by each of these six sites were invited to participate if they had a sufficiently large family (usually sibships Ͼ 3 with parents available) with two or more members in a COGA catchment area (6) . Multiplex alcoholic families that had at least two biological first-degree relatives affected with alcohol dependence in addition to the proband were invited to participate in the more intensive stage of the study, which included obtaining blood for genetic analyses. Second-and third-degree relatives in the families were assessed when they were considered to be informative for the genetic linkage studies. The institutional review boards of all participating centers approved the study. Additional details about the study have been published previously (5, 6) .
We analyzed a set of 217 Caucasian families here because: 1) the marker selection strategy (detailed in the following text) was based on patterns of LD among Caucasians, and allele frequencies often differ between races; and 2) the maximal LOD score with alcohol dependence in the region (4.1) was based on a sample of Caucasian families. These 217 families contained a total of 1172 individuals with genotype and phenotype data: 554 women and 618 men. There were 855 affected individuals in the sample (288 women, 567 men). The mean age of affected women was 34.5 years (SD ϭ 9.7), unaffected women: 50.5 years (SD ϭ 15.9). Mean age of affected men was 39.4 years (SD ϭ 13.3), unaffected men: 50.4 years (SD ϭ 17.4). Thus, for both genders, unaffected individuals were significantly older than affected individuals and past the mean age of onset of dependence in this sample, suggesting that there is a low probability that they will convert to affected status. The average number of individuals/family with genotype and phenotype information was 5.4, with an average of 3.9 affected individuals/family. These individuals formed 921 sibling pairs, 20 half-sibs, 150 cousin pairs, 810 parent-child pairs, 82 grandparent-grandchild pairs, and 509 avuncular pairs. All individuals in the genetic analysis sample were interviewed as adults (Ն 18 years of age) with the Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA), a highly reliable, psychiatric interview (18, 19) . The definition of alcohol dependence used in association analyses required individuals to meet criteria for DSM-III-R alcohol dependence and Feighner definite alcoholism (20) . This was the phenotype that yielded the linkage peak from which the region was delineated for the SNP screen (14) . Seventy-three percent of the sample used in genetic analyses was affected with alcohol dependence. There are also high rates of comorbid psychiatric disorders in the sample: 37% meet criteria for dependence on an illicit drug, 41% report a major depressive episode, 19% meet criteria for childhood conduct disorder, and 14% have a diagnosis of adult antisocial personality disorder. Additional information about comorbidity in the COGA sample has previously been reported elsewhere (21, 22) . In the sample analyzed here, the highest level of educational attainment was Ͻ a high school degree in 23%, a high school education in 31%, some college in 30%, a college degree in 11%, and a postgraduate degree in 5%. At the time of interview, 35% of the sample was unemployed, and 65% was currently employed. The modal current household gross income was $20,000 -$29,000/year.
SNP Selection Procedure
The SNPs were selected to cover a 2-LOD support interval on either side of the linkage signal at 7q22, on the basis of the peak observed in the GAW sample (14) ; that peak was narrower than the peak in the original, approximately 10-cM microsatellite linkage screen (12 (Figure 1 ). HapMap Phase I CEPH data (build 16c.1, June 2005) was used to select SNPs; only common SNPs (minor allele frequency Ն 10%) were considered. A total of 4067 SNPs meeting this criteria were identified across the region. The SNPs were grouped into LD bins (23) , on the basis of the "greedy" algorithm (24, 25) . With this method, each bin had at least one SNP that satisfied r 2 Ն .8 with all other SNPs in the bin. Tag SNPs were selected for each bin in an 8:1 ratio (e.g., bins with 1-8 SNPs get 1 tag, 9 -16 get 2). The SNPs with the highest r 2 with other SNPs in the bin were chosen to be tag SNPs. 
Genotyping and Analysis
Genotyping was conducted by CIDR with the Illumina technology on a BeadLab station with GoldenGate chemistry. One thousand five hundred thirty-six SNPs were attempted across the region, with 3,539,740 genotypes released for 1436 SNPs. CIDR cited the following reasons for dropping loci: poorly defined clusters; excessive replicate and/or Mendelian errors; more than 50% missing data; or all samples genotyping as heterozygous. An additional 96 SNPs were flagged with atypical clustering, and these SNPs were also omitted from analyses. Accordingly, 1340 SNPs passed all quality control checks and were used in analyses. The missing data rate was .056%. The program Pedcheck (26) was used by CIDR to check for Mendelian inconsistencies; the Mendelian consistency rate was 99.91%. Further checks were performed by COGA collaborators with the Prest program (27) , and a small number of questionable relationships were removed, such that there were no Mendelian inconsistencies remaining in the data.
Findings for the most promising gene were followed up by conducting additional genotyping to more thoroughly evaluate the evidence for association. Publicly available databases, dbSNP (http://www.ncbi.nlm.nih.gov/SNP/) and HapMap (http://www. hapmap.org), were used to identify SNPs within and flanking the gene. The SNPs with an r 2 Ͻ .9 in HapMap with any of the associated CIDR SNPs were selected for genotyping. An additional 16 SNPs within and flanking ACN9 were genotyped with a modified single nucleotide extension reaction, with allele detection by mass spectroscopy (Sequenom MassArray system; Sequenom, San Diego, California). All genotypic data were checked for Mendelian inheritance of marker alleles with the USERM13 (28) option of the MENDEL linkage computer programs. Trio data from Caucasian individuals genotyped in the COGA dataset were entered into the program Haploview (29) to examine the LD structure of the genotyped SNPs. Figure 2 shows the LD structure across the region.
Hardy-Weinberg equilibrium was assessed for all SNPs. Among 601 unrelated individuals used in checks of the 1340 CIDR SNPs, 68 SNPs significantly deviated from Hardy-Weinberg at p Ͻ .05, and 12 SNPs were significant at p Ͻ .01. These numbers are very close to that expected by chance (67 and 13, respectively, on the basis of 1340 SNPs). None of the SNPs most significantly associated with alcohol dependence (p Ͻ .01) had significant deviations from Hardy-Weinberg equilibrium. Those SNPs with potential Hardy-Weinberg problems are indicated in Table 1 , so that this information can be considered in interpretation of results. None of the additional SNPs genotyped by COGA showed significant deviation from Hardy-Weinberg.
Multiplex families of alcoholics were used in tests of association between each of the SNPs and each of the phenotypes studied, with the Pedigree Disequilibrium Test (PDT) (30) . The PDT uses all available trios in a family (two parents plus child genotyped) as well as discordant siblings. The PDT-ave statistic was computed, which averages the association statistic over all families (30) . No corrections were made for multiple testing in the initial analyses of the 1340 SNP screen set, because these analyses were considered the first stage to consider genes for further follow-up. In the second stage of analysis, SNPs were tested across the ACN9 gene. A Nyholt correction was applied to the data to determine significance after taking into account multiple testing in the presence of correlated SNPs (31) . This method uses information on the pairwise LD between the genotyped SNPs to compute the number of "effectively independent" SNPs. With the updated method of Li and Ji (32), the effective number of SNPs (M eff ) on the basis of the 23 SNPs genotyped in this study was 10. With M eff ϭ 10, the Bonferroni corrected significance threshold required across the gene is p ϭ .005. Table 1 shows the SNPs from the CIDR screen yielding evidence of association at p Ͻ .050, with p values Ͻ .01 differentiated with a Table 1 with p Ͻ .01, four were located in or very near the gene ACN9: rs10499934, rs7794886, rs12056091, and rs1917939 (only rs7794886 and rs12056091 are listed as in ACN9 in Table 1 , because these are the notations as listed in NCBI). Although rs7794886 and rs12056091 are in the same bin and display high LD (HapMap r 2 ϭ .93), the other two SNPs are in separate LD bins and provide independent evidence for association. Accordingly, additional genotyping was undertaken to more thoroughly investigate this gene. The results from association analyses of all SNPs genotyped across ACN9, including those genotyped by CIDR, are shown in Table 2 . Twelve of the 23 genotyped SNPs in ACN9 were significant at p Ͻ .05. Eight SNPs surpassed the Bonferroni corrected significance level suggested by the Nyholt correction of p Ͻ .005. The top two most significant SNPs, rs10246622 (p ϭ .000098) and rs13475 (p ϭ .00014), showed substantial LD (r 2 ϭ .88), making haplotype analyses uninformative, because only the 1 1 and 2 2 haplotypes were observed with considerable frequency. Figure 1 shows the location of the ACN9 gene with reference to the linkage peak observed in the GAW data from which the region for the SNP screen was selected. ACN9 is located centromeric of the linkage peak, with a LOD score of 3.08. The peak LOD score was 4.08 in the region; thus, ACN9 is located at a 1-LOD distance from the peak.
Results
Discussion
In this study, we undertook a systematic screen of SNPs covering a 2-LOD support interval around a linkage peak previously reported for alcohol dependence (12, 14) . This screen led to the identification of a novel gene that seems to affect susceptibility to alcohol dependence, ACN9. ACN9 was originally identified in a collection of respiratory-competent yeast mutants that were unable to use acetate as a carbon source (33) . ACN9 seems to be involved in gluconeogenesis and is required for the assimilation of ethanol or acetate into carbohydrate (34) . Little is known about the human homolog of the gene. Accordingly, this gene likely would not have been prioritized for investigation, were it not for the results from the systematic screen of the linked region.
The most significant SNP in the CIDR screen, rs2157745, is located in a region with no genes listed in NCBI. It is approximately 20 kb past the 3' end of SAMD9, making it unlikely that it would be involved in the function or expression of SAMD9. There is a large gene upstream (CDK6, a cyclin-dependent kinase), whose promoter might be in this region. One of the other top eight SNPs is located in SAMD9. This gene is believed to be involved in the regulation of extraosseous calcification and has been associated with familial tumoral calcinosis (FTC), a rare autosomal recessive disorder characterized by the progressive deposition of calcified masses in cutaneous and subcutaneous tissues, resulting in ulcerative lesions and severe skin and bone infections (35) . There is little evidence for expression of SAMD9 in the brain (35) ; thus, it was not considered a high priority for further follow-up for potential association with alcohol dependence.
We have previously reported association between alcohol dependence and related phenotypes and several genes located elsewhere on chromosome 7, including a muscarinic cholinergic receptor gene, CHRM2 (12) , and two taste receptor genes, TAS2R16 (36) and TAS2R38 (37) . Those genes were selected on the basis of proximity to a more distal linkage peak with an electrophysiological endophenotype (38) , and none are located within the 2-LOD interval of the linkage peak for alcohol dependence studied here.
Finally, we note that at the time when the SNP selection took place for this study, only the Phase I build 16c.1 data were In addition, we limited our SNP selection to SNPs with a minor allele frequency of Ͼ10%. This was because the SNP selection algorithm that was used takes advantage of LD patterns observed in the HapMap Caucasian population, and the statistics used to estimate LD are sensitive to the allele frequency. Accordingly, rarer SNPs would not have been detected with our screening strategy. Thus, the screening panel genotyped here did not exhaustively cover all genetic variation across the linkage peak but was focused on common alleles that might contribute to risk for this common disease. We detected evidence of association with a novel gene ACN9 that seems to be involved in the predisposition to human alcohol dependence. Although little is known about the function of ACN9, data from yeast show that the yeast homologue to ACN9 is involved in acetate use, suggesting that this gene might alter risk for alcohol dependence via alcohol metabolic pathways. Other genes in the metabolic pathway from alcohol to acetaldehyde to acetate are known to affect risk for alcoholism (39) . Furthermore, comparison of the physical position of the SNPs associated with alcohol dependence with multiple alignments across all 28 vertebrate species (UCSC Genome Browser Human assembly hg18) indicates that 4 of the SNPs (rs17168169, rs1343646, rs12670377, and rs12671685) are located in evolutionally conserved regions spanning 34 kb upstream of the gene, further suggesting its functional role during evolution. We hope that our finding of association with alcohol dependence will stimulate further research on the function of ACN9. In addition, we continue to follow up other association signals with additional genotyping.
